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National Geodetic Vertical Datum of 1929 (NGVD of 1929):
A geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called mean sea level, is referred to as sea level in this report.
WATER-LEVEL AND WATER-QUALITY CHANGES IN GREAT SALT LAKE, UTAH, 1847-1983
By Ted Arnow
SUMMARY
The surface level of Great Salt Lake, Utah, fluctuates continuously, primarily in response to climatic factors. During 1847-1982 the lake surface fluctuated between a low of about 4,191 feet and a high of about 4,212 feet above sea level but showed no net change. From September 18, 1982 , to June 30, 1983 , however, the lake rose 5.2 feet-from about 4,200 to about 4,205 feet above sea level-which is the greatest seasonal rise ever recorded. That rise resulted from considerably greater than average rainfall in 1982, greater than average snowfall during the autumn of 1982 through the spring of 1983, and unseasonably cool weather during that spring.
Man's activities have had a lesser, but still important effect on the lake level. The lake surface would have been about 5 feet higher in 1983 had there been no consumptive use of water owing to man's activities in the lake basin since 1847. The lake has been divided into two parts by a railroad causeway since 1959. The causeway restricts natural circulation, resulting in a difference of salinity and surface level of the lake across the causeway. The difference in surface level between the two parts of the lake varies both seasonally and annually and was as much as 3.25 feet in 1983.
The water budget for the Great Salt Lake can be expressed as: Inflow = Outflow ± Storage change
The average annual inflow for 1931-76 was about 2.9 million acre-feet-about 1.9 million acre-feet from surface water, about 900,000 acre-feet from direct precipitation, and about 75,000 acre-feet from ground water. The average annual outflow for the same period, all by evaporation, also was about 2.9 million acre-feet. There was no net change in storage during the period.
The famed buoyancy of the brine in Great Salt Lake results from a dissolved-mineral content of almost 5 billion tons. More than 2 million additional tons have been added to the lake annually in recent years. The major dissolved ions in the brine are chloride, sulfate, sodium, magnesium, and potassium.
Prior to completion of the railroad causeway, the salinity of the brine varied inversely with the lake level. Since the causeway divided the lake into two parts, the salinity of the brine in the north part has been relatively constant at or close to saturation. The salinity of the brine in the south part has
INTRODUCTION
Great Salt Lake is unique among lakes in the Western Hemisphere because of its size and salt content. It occupies a low part of the desert area of western Utah-a terminal lake with no outlet to the sea ( fig. 1 ). It varies considerably in size, depending on its surface elevation, which varies with climatic changes. At the elevation of approximately 4,200 feet above sea level, the average level about which it has fluctuated during historic time ( fig. 2) , it covers approximately 1, 700 square miles and contains about 16 million acre-feet of water. An acre-foot is the quantity of water necessary to cover 1 acre of land with water 1 foot deep or about 326,000 gallons. At times the lake contains as much as 27 percent salt, about eight times more than ocean water.
Changes in the level of the lake have a direct effect on roads, railroads, recreational facilities, wildlife-management areas, and industrial installations around the lake. These facilities have been constructed to cope with small changes of lake level, but the record-breaking rise of 5.2 feet from September 18, 1982 , to June 30, 1983 , resulted in severe economic impacts on all types of manmade installations.
The purpose of this report is to describe the background and the conditions that led to the 5.2-foot change of lake level in 1982-83. For a more complete treatment of other aspects of the lake, the reader is referred to a recent comprehensive volume edited by Gwynn (1980) . Parts of this report were freely adapted from a preliminary release (Arnow, 1978) . I wish to thank Russell W. Cruff of the U.S. Geological Survey and his assistants for computations of the surface-water inflow to Great Salt Lake for 1982--83. I also wish to acknowledge numerous conversations with Kidd M. Waddell of the U.S. Geological Survey during which he clarified some of the more complex aspects of the lake.
CHANGES OF LAKE LEVEL
The surface level of Great Salt Lake changes continuously, primarily in response to climatic factors. Man's activities have had a lesser, but still important effect on the lake level.
The lake has a yearly cycle ( fig. 3 ). It begins to decline in the spring or summer when the weather is hot enough so that the loss of water by evaporation from the lake surface is greater than 2 the inflow from surface streams, ground water, and precipitation directly on the lake. It begins to rise in the autumn when the temperature decreases and the loss of water by evaporation is exceeded by the inflow. According to past records, the rise can begin any time between September and December and the decline any time between March and July.
PREHISTORIC RECORD
Great Salt Lake is a small remnant of Lake Bonneville, which covered about 20,000 square miles in Utah, Nevada, and Idaho during the most recent ice age of the Pleistocene Epoch ( fig. 4) . Lake Bonneville began to form some time prior to 26,000 years ago. It reached a peak at about 1,000 feet above the average level of Great Salt Lake about 16,000 to 17,000 years ago, and it had declined to the approximate level of Great Salt Lake by about 11,000 years ago (Scott and others, 1982, p. 3). The lake seems to have been below 4,200 feet above sea level several times, but apparently it 3 never was completely dry. During the past 8,000 years, except for two rises above about 4,230 feet, the lake has remained near its historic average elevation of about 4,200 feet (Spencer and others, 1983 
The histograms generally represent single measurements of dissolved -minera l concentration, as reported in t he literature by various investigators. Histograms for 1892, 1900, 1903, 1904, and 1959-83 Crittenden, 1963, fig. 1 ).
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HISTORIC RECORD
The continuous record of lake-level changes that is based on actual measurements or carefully calculated estimates extends from 184 7 to the present (1983) . John C. Fremont determined that Great Salt Lake was 4,200 feet above sea level in 1843 (Miller, 1980, p. 3); however, no records are available for . Lake-level changes will be treated for two periods here in order to provide more detailed discussion of the unprecedented rise of the lake that began in September 1982.
The historic record of lake-level fluctuations begins in 1847. The level was determined indirectly by Gilbert (1890, p. 240--241) for 1847-75 on the basis of reported observations of the depth of water over the sandbars between the mainland P\1• . . 
1847-1982
When the Mormon pioneers arrived in Utah in 1847, the surface of Great Salt Lake was about 4,200 feet above sea level ( fig. 3 ). It rose almost 5 feet by 1855 but then declined again to 4,200 feet by 1860. From 1862 until 1873 the lake level rose almost 12 feet to reach a historic high of about 4,211.5 feet. At this level, the lake covered approximately 2,400 square miles ( fig. 2 ). The rapid rise of the lake during 1862-73 was of considerable concern to the Mormon settlers. If the lake continued to rise, they feared that Salt Lake City and adjacent farmlands would be flooded. In the hope of averting such a calamity, Brigham Young sent out an exploration party to determine if the water could be spilled from the lake into the vast desert area to the west. But the lake peaked in 1873, ending the concern at that time. During the next 31 years the lake level declined almost 16 feet, and by 1905 it was at a then historic low of slightly less than 4,196 feet. A series of fluctuations followed, with each the lake declining to a lower level, and by 1963 it had reached an all-time historic low of 4,191.35 feet ( fig. 2 ). At this level it covered only about 1,000 square miles. The fluctuations of the lake surface generally reflected fluctuations of precipitation as represented by the record for Salt Lake City ( fig.  7 ) where systematic recordkeeping of precipitation was started during 1874.
Many people thought that the lake was going to become dry. Roads, railroads, wildfowl-management areas, recreational facilities, and industrial installations were established on the exposed lakebed. But then the lake began to rise again in response to greater than average precipitation, and by 1976 it had risen 11 feet to slightly above 4,202 feet. Again, concerns about a potential calamity resulted, and studies were made of the feasibility of pumping water out of the lake into the desert to the west. But the lake began to decline in 1977 in response to unusually little snowfall during the preceding winter, again ending the concern at that time.
Early in September 1982, the lake surface was at about 4,200 feet-the same level that it was 135 years earlier when the pioneers arrived. Thus, the lake had fluctuated between about 4, 191 and about 4,212 feet but had shown no net change.
1982-83
On September 18, 1982, the lake began to rise in response to a series of storms earlier in the FIGURE 7.-Cumulative departure from average annual precipitation at Salt Lake City, 1875-1982. month. Then on September 26, during a recordbreaking storm, 2.27 inches of rain was recorded at the Salt Lake City International Airport, the maximum precipitation ever measured for 1 day during the 108 years for which records have been kept for the city. The precipitation of 7. 04 inches for the month made it the wettest September on record for the city. The total precipitation at Salt Lake City during 1982 was 22.86 inches, compared to an annual average of 15.63 inches.
The unusually intense rainfall resulted in unseasonably large inflow to Great Salt Lake, both from precipitation directly on the lake and from tributary surface streams ( fig. 8 ). The flow in the Jordan River on September 27 was 2, 760 cubic feet per second or about 20,600 gallons per second, the maximum during 40 years of recordkeeping. The large flows in the Jordan River, resulting from greater than average precipitation and the continuous overflow from Utah Lake, continued for the remainder of the year. The flow in the Jordan River from October-December was 3.8 times greater than average. During the same period, the flows in the Bear and Weber Rivers were 2.0 and 2. 7 times greater than average. Great Salt Lake continued to rise rapidly throughout the autumn in response to the great surface inflow and the concurrent relatively cool weather and extensive cloud cover that decreased loss of water from the lake by evaporation.
The snowfall in the drainage basin of Great Salt Lake from the autumn of 1982 through the following spring was greatly above average, providing a potential of enormous quantities of water for the lake. The maximum reported snowfall was 845 inches at Alta, about 20 miles southeast of Salt Lake City (Salt Lake Tribune, July 7, 1983). The snow cover on June 1 ranged from about 2. 4 to 3.4 times greater than average in the Bear River basin, from about 4.2 to 5.2 times greater than average in the Weber River basin, and from about 3.7 to 5.2 times greater than average in the Jordan-Provo River basin (Whaley, 1983, p. 7-11) .
The lake continued to rise throughout the winter-a normal annual occurrence. But the weather remained unseasonably cool throughout most of the spring, so that the lake lost relatively little water by evaporation and continued its steady rise.
Snowmelt began about a month later than usual, and the snow-water content increased until midMay. Soil moisture in the drainage basin was con-8 siderably greater than average, thus diminishing the potential for water to infiltrate into the ground. The major snowmelt began at the end of May, during a heat wave on the Memorial Day weekend; and recordbreaking quantities of water flowed into the lake from many tributary streams. The Bear River peaked at about 9,500 cubic feet per second on June 2, considerably more than its previously recorded peak of 7,880 cubic feet per second in 1980. The Jordan River peaked at about 3,100 cubic feet per second on June 1, which was greater than the recent record flow of the previous September. The Weber River peaked at about 7,200 cubic feet per second on June 3, the third greatest flow in 78 years of record. From January to May, the flows in the Bear, Jordan, and Weber Rivers were 1. 7, 3.6, and 1.6 times greater than average. The inflow to Great Salt Lake in the three rivers from October 1982 to May 1983 is compared to the average inflow in figure 9 .
The large streamflows continued for many weeks; and the lake level continued to rise until June 30, when losses by evaporation finally exceeded the inflow, and the lake level peaked at 4205.00 feet. The rise from September 18, 1982 , until June 30, 1983 , was 5.2 feet, which is the greatest seasonal rise ever recorded. This represents a net increase in the volume of the lake of about 6 million acre-feet. That quantity of water is equivalent to what might be used by about 36 million people (with an average daily per capita consumption of 150 gallons) in 1 year, or by 1.5 million people (the entire population of Utah) in 24 years. The previous largest seasonal rise known was 3.4 feet in 190&-07.
The increase in area covered by the lake from September 1982 to July 1983 (Fig. 10 ) was about 171,000 acres (267 square miles). This resulted in damage to the roads, railroads, wildfowl-management areas, recreational facilities, and industrial installations that had been established on the exposed lake bed. The direct and indirect capital damages and the costs of work to protect these facilities as the lake rose to the level of 4,205 feet were estimated by the Utah Division of State Lands and Forestry (1983, p. 24 ) to be about $157 million.
The Utah legislature passed a law in 1979 which made the Utah Department of Natural Resources responsible for managing the lake so as to maintain the surface level below the elevation of 4,202 feet. Although that goal was not achieved in 1983, the Department of Nat ural Resources did take steps to determine the feasibility of pumping water out of the lake into the desert to the west and the feasibility of impounding water on the Bear River for diversions that would decrease future inflow to the lake. A third measure, considered but not approved by the Utah legislature in 1983, was to construct an opening approximately 300 feet wide near the west end of the railroad causeway ( fig. 5 ) in order to decrease the difference in lake level across the causeway. Such an opening would have resulted in a rise of water level in the north part of the lake and a decline of water level in the south part of the lake, where most of the damage was occurring.
EFFECT OF MAN•s ACTIVITIES
CONSUMPTIVE USE
The lake surface would have been about 5 feet higher in 1983 had there been no consumptive use of water resulting from man's activities in the lake basin. The effect of such consumptive use on the level of the lake is shown in figure 11 . The difference between the measured level and the level adjusted for consumptive use reached a maximum of about 5 feet around 1925 and remained relatively constant until 1965. Because no major water projects have been constructed in the basin since 1965, the difference is assumed to be about the same from 1965 to 1983. Thus, the lake surface is assumed to be about 5 feet lower in 1983 than it would have been if man had not increased the evapotranspiration of water by impounding it in reservoirs and marshes upstream from the lake and diverting it for irrigation and other uses. The actual value probably would differ across the lake because of the railroad causeway. The overall effect of the causeway has not been evaluated.
RAILROAD CAUSEWAY
The Southern Pacific Transportation Co. built a railroad causeway during 1957-59 between Promontory Point and Lakeside ( fig. 12) . The causeway, which parallels an open trestle built in 1902-3, was constructed mostly of gravel and sand capped with boulder-sized riprap. It is breached by two box culverts, each 15 feet wide. (See fig.   11 13.) The causeway separates the lake into two parts-about two-thirds of the lake is south of the causeway and about one-third is north of it. Because the causeway is permeable, however, brine can move slowly both northward and southward through the causeway.
The south part of the lake receives most of the freshwater inflow, whereas the north part receives most of its water in the form of brine that moves through the culverts and causeway from the south part. These factors, in conjunction with restriction of flow by the causeway, have caused differences in salinity and in water levels between the two parts of the lake. The differences increased steadily throughout the 1960's. Since 1966, when measurements of the water level were begun in the north part, the water level in the south part has been consistently higher, and the difference reached a maximum of 3.25 feet in 1983 ( fig. 3) . The difference in water levels also varies seasonally, with the minimum generally occurring during the fall and the maximum generally occurring during the late spring.
RELATION OF INFLOW TO OUTFLOW-THE WATER BUDGET
The level of Great Salt Lake reflects an equilibrium between inflow to the lake from surface streams, ground water, and direct precipitation versus outflow by evaporation. During dry years, the water level declines, causing a decrease in surface area; consequently the volume of evaporation decreases. As the lake declines, the brine generally becomes more concentrated, also decreasing the rate of evaporation. During wet years, the water level rises, causing an increase of surface area; consequently the volume of evaporation increases. As the lake rises, the brine generally becomes less concentrated, also increasing the rate of evaporation.
When the lake is low, less inflow is required to raise the lake level than when it is-high. For example, at the historic low level of 4,191.35 feet, a net increase in inflow of about 600,000 acre-feet was necessary to raise the lake 1 foot. At the historic high level of about 4,211.5 feet, however, a net increase in inflow of about 1.5 million acre-feet would have been necessary to raise the lake level by 1 foot. (See figure 14. ) The relation of inflow, outflow, and change of level can be shown in a water budget for the lake. For any given time, the water budget can be written as: Inflow = Outflow ± Storage change The inflow comes from surface water that flows into the lake, from ground water that moves upward through the bottom of the lake, and from precipitation that falls on the lake surface. The outflow is entirely by evaporation. The storage change is the difference in the volume of the lake 12 during the selected time period. Values for the elements of the water budget are discussed in the following pages for 1931-76. Most of the discussion is based on the results of computer-model studies by Waddell and Fields (1977) and Waddell and Barton (1980) .
INFLOW
Streams contribute about 66 percent of the average annual inflow to Great Salt Lake, precipitaat the beginning of and after the recordbreaking rise of 1982--83. A, composite view taken September 23--0ctober 2, 1982, taken July 8-17, 1983, when the lake level was about 4,205 feet. tion about 31 percent, and ground water about 3 percent ( fig. 15 ). The total annual inflow during 1931-76 ranged from about 1.3 (1961) to 5.0 (1971) million acre-feet and averaged 2.9 million acrefeet. The annual distribution of inflow from all sources for 1931-76 is shown in figure 16 .
STREAMS
Approximately 92 percent of the average annual surface-water inflow to Great Salt Lake is from the Bear (59 percent), Weber (20 percent), and FIGURE 12.-Location of railroad causeway and gaging stations used for estimating surface-water inflow to Great Salt Lake (adapted from Waddell and Barton, 1980, fig. 3 ). Jordan (13 percent) River drainage systems. The U.S. Geological Survey has operated gaging stations on the main stems of these streams upstream from the lake for many years. During 1971-76, records were obtained at numerous gaging stations near the lakeshore in the three drainage basins. Streamflow to the lake during 1931-76 was estimated by correlation of the short-term records obtained near the lakeshore with the long-term re- cords obtained farther upstream. The location of each gaging station is shown in figure 12 , and the period of record at each station is shown in table 1. An additional 5 percent of the streamflow to the lake is from 10 tributaries on the east and south shores. Measurements at stations on these tributaries for varying periods during 1950-76 were used as a basis for estimating the inflow during 1931-76. These stations also are shown in figure 12 and are listed in table 1. Other surfacewater inflow from the remainder of the lakeshore is negligible.
Approximately 3 percent of the surface inflow to Great Salt Lake is from sewage-treatment plants. These discharge their effluent directly into Farmington Bay, east of Antelope Island.
The total annual surface inflow during 1931-76 ranged from about 700,000 (1934) to 3.8 million (1971) acre-feet. It averaged about 1.9 million acre-feet.
PRECIPITATION
Inflow to Great Salt Lake from precipitation directly on the lake surface was calculated by using the average annual precipitation during 1931-76 for 68 sites in a large area surrounding the lake. A multiple-regression equation was derived to describe the average annual precipitation as a function of elevation, latitude, and longitude. The equation was used as a means of drawing lines of equal average annual precipitation for the lake area. Then the annual precipitation directly on the lake was computed for 1931-76 on the basis of monthly lake-surface areas during that period. The estimated annual precipitation on the lake during 1931-76 ranged from about 500,000 (1966) to 1.5 million (1941) acre-feet and averaged about 900,000 acre-feet.
Precipitation that falls on the lakeshore runs into the lake and must be considered as part of the inflow. The quanity is relatively small, however, and in figure 16 it is included in "inflow calibration," the factor used by Waddell and Barton (1980, p. 20) to balance their water budget for the lake. 
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The ground-water inflow to Great Salt Lake was estimated by adding inflow values determined in previous investigations for 12 segments of the lakeshore. (See Arnow and Stephens, 1975 .) The values in acre-feet per year are 0 for Curlew, Sink, and Skull Valleys, the lower Bear River basin, and the northern Great Salt Lake Desert (west of Great Salt Lake); 1,000 for Hansel Valley; 3,000 for Antelope Island and Park Valley (northwest of Great Salt Lake); 4,000 for Salt Lake County; 7,000 for Tooele Valley; 9,000 for the Promontory Mountains; and 48,000 for the area east of Great Salt Lake.
The total ground-water inflow to the lake is estimated to be about 75,000 acre-feet per year. This is assumed to be an average annual inflow value for 1931-76.
OUTFLOW
Outflow from Great Salt Lake by evaporation from the lake surface was calculated primarily on the basis of pan-evaporation data from 49 sites in Utah and bordering States. Short-term records were extended to the full period 1931-76 by correlation with a site near Lehi (about 30 miles southeast of Great Salt Lake), and seasonal records were extended to the entire year by use of ratios developed for a few sites where complete annual records were available. Pan coefficients were applied, and a multiple-regression equation based on elevation, latitude, and longitude, was used to draw lines of annual freshwater evaporation for the lake. The volume of freshwater evaporation was then corrected for the effect of salinity by applying the appropriate factors for each part of the lake.
The estimated annual evaporation from the lake for 1931-76 ranged from about 2.1 to 3.9 million acre-feet and averaged 2.9 million acre-feet. The latter is equivalent to about 45 inches per year for the average lake level during 1931-76.
A small volume of water was withdrawn from Great Salt Lake during 1931-76 and evaporated for salt production, but in recent years the volume has increased because of withdrawals for production of additional minerals. The total withdrawal for mineral production during 1976 was about 71,000 acre-feet.
Prior to completion of the railroad causeway, mineral concentrations in the lake probably were fairly uniform owing to mixing of the brine by wind and currents. During years of high lake levels resulting from large quantities of freshwater inflow, the salinity of the brine was less than during years of low lake levels when the concentration of the brine increased because evaporation exceeded inflow. This is illustrated in figure 3 , which shows that prior to 1959 the salinity of the brine varied inversely with the lake level. In 1869, for example, when the lake was within a few feet of its historic high level, the concentration of dissolved minerals was 15 percent of brine weight. In 1930, however, when the lake level was about 10 feet lower, the mineral concentration was 21 percent.
The completion of the railroad causeway in 1959 divided the lake into two parts and restricted movement of the brine. The south part of the lake receives more than 90 percent of the freshwater inflow, but that inflow contributes directly to only an upper layer of brine in the south part. A lower, denser layer, occupying only the deepest areas of the south part, is derived from dense brine in the north part that is driven by a density gradient to flow southward through the lower parts of the culverts and causeway. (See figure 17 .) The north part of the lake has been cut off from most of the direct freshwater inflow, and almost all its inflow consists of brine that moves through the culverts and causeway from the south where the water level is higher. The changes brought about by the causeway have had a profound effect on the relation of lake level to salinity ( fig. 3 ).
The brine north of the causeway has remained relatively constant at or close to saturation since at least 1960. The concentration of dissolved minerals in the north part has been close to 27 percent regardless of changes in lake levels. Even in July 1983, when the lake level peaked after its historic rise, the concentration of dissolved minerals was about 25 percent.
In 1963, at the historic low level of the lake, the brine south of the causeway was saturated, with the concentration of dissolved minerals at about 27 percent. As the lake rose, however, the salinity of the brine south of the causeway continued to change inversely with the lake level, although the salinity was less than it would have been prior to construction of the causeway (fig. [Data prior to 1976 from Hahl and Handy (1969, p. 14) ; data for 1976 adapted from Stunn (1980, p. 155 3). In 1977, for example, at a lake level of about 4,200 feet, the mineral concentration was approximately 12 percent; whereas prior to 1957 it would have been more than 20 percent. In July 1983, the mineral concentration south of the causeway was only about 9 percent. At this salinity, which is about two and one-half times that of sea water, the famed buoyancy of Great Salt Lake was considerably diminished.
CONCLUSIONS
The surface level of Great Salt Lake fluctuates in dynamic equilibrium between inflow and outflow. Although man's use of water has affected the level somewhat, the greatest changes result from natural variations in climate. This was vividly demonstrated between September 18, 1982, and June 30, 1983 , when a recordbreaking rise of the lake (5.2 feet) resulted from greater than average rainfall in 1982, greater than average snowfall from the autumn of 1982 through the spring of 
21
1983, and unseasonably cool weather during that spring. The lake level tends to stabilize after any major rise (decline) because of the ensuing increase (decrease) of evaporation that results from the increase (decrease) of lake-surface area and decrease (increase) of salinity of the brine. Thus, unless climatic conditions or man's activities affecting the lake change significantly from those that occurred between 1847-1983, the lake would not be expected either to become dry or to rise above the historically recorded high level.
